The DNA origami technique can enable functionalization of inorganic structures for single-molecule electric current recordings. Experiments have shown that several layers of DNA molecules, a DNA origami plate, placed on top of a solid-state nanopore is permeable to ions. Here, we report a comprehensive characterization of the ionic conductivity of DNA origami plates by means of all-atom molecular dynamics (MD) simulations and nanocapillary electric current recordings. Using the MD method, we characterize the ionic conductivity of several origami constructs, revealing the local distribution of ions, the distribution of the electrostatic potential and contribution of different molecular species to the current. The simulations determine the dependence of the ionic conductivity on the applied voltage, the number of DNA layers, the nucleotide content and the lattice type of the plates. We demonstrate that increasing the concentration of Mg 2þ ions makes the origami plates more compact, reducing their conductivity. The conductance of a DNA origami plate on top of a solid-state nanopore is determined by the two competing effects: bending of the DNA origami plate that reduces the current and separation of the DNA origami layers that increases the current. The latter is produced by the electro-osmotic flow and is reversible at the time scale of a hundred nanoseconds. The conductance of a DNA origami object is found to depend on its orientation, reaching maximum when the electric field aligns with the direction of the DNA helices. Our work demonstrates feasibility of programming the electrical properties of a self-assembled nanoscale object using DNA.
N anopores have emerged as versatile tools for single-molecule manipulation and analysis. 1À4 In a typical measurement, a charged biomolecule, DNA or a protein, is transported through a narrow pore in an insulating membrane by external electric field. The presence and, in some cases, the chemical structure of a biomolecule can be detected by measuring the change in the ionic current that flows through the nanopore. 5À15 An accurate and reproducible process of nanopore fabrication is a necessary prerequisite for practical applications of the nanopore method. Differentiation between similar biomolecules may also require incorporation of specific ligands within the nanopores. 16, 17 While more straightforward in the case of biological nanopores, 18 the attachment of specific binding sites with control over their position by chemical modification of nanopores in solid-state membranes continues to present considerable challenges. 19, 20 Combining biological materials with inorganic nanopores can give the resulting hybrid structure a more predictable shape and offer a route to biofunctionalization. 17 ,21À24 One such material is DNA origami, an object obtained by folding a long strand of DNA into a predefined pattern. 25 Since the DNA origami technique was first demonstrated in 2006, it has been used to assemble a variety of complex three-dimensional objects. 26À31 A number of auxiliary components, such as fluorescent labels, nanoparticles or enzymes, can be incorporated into the origami objects with base-pair accuracy. 32À41 The nanometer precision of the DNA self-assembly process and compatibility with typical conditions of nanopore experiments make DNA origami an attractive candidate for the construction of hybrid nanopores. 42À44 Hybrid nanopore systems based on DNA origami have already been characterized experimentally. 45À53 A cone-like DNA origami funnel was inserted into a silicon nitride nanopore and used for the detection of λ-DNA. 45 Plate-like DNA origami objects were placed on top of nanopores in solid-state membranes and used for the detection of proteins and double-stranded DNA (dsDNA). 46 Adding single-stranded DNA (ssDNA) overhangs to the DNA origami structure was shown to facilitate the detection of ssDNA translocation. 46À48 DNA origami plates were also combined with glass nanocapillaries and used for single-molecule detection. 48, 52 In general, the conductance of the hybrid pores was found to depend on the structure of the DNA origami component, 53 the ionic concentration of the solution 53 and the magnitude of the electric field. 52, 53 The latter effect was presumably caused by the deformation of the DNA origami structure. DNA origami has also been combined with lipid bilayer membranes. 47, 49, 50 Functionalized with cholesterol, a DNA origami channel was inserted into a lipid bilayer and used to detect and distinguish ssDNA. 47 Simpler designs employed partial neutralization of the DNA backbone 49 or attachment of two porphyrin moieties. 50 In this study, we use all-atom molecular dynamics (MD) simulations to characterize the ionic conductivity and deformability of DNA origami plates. Complementing previous experimental work, we investigate the effects of the DNA origami structure, electrolyte conditions and the strength and direction of the electric field. Our simulations provide a complete atomic-level account of the ion transport process, detailing previously unknown effects of the DNA origami sequence, magnesium ion concentration and the electro-osmotic flow. Experiments based on electric current recordings and Förster resonance energy transfer (FRET) confirm the predictions of the MD simulations. We demonstrate feasibility of controlling the electrical conductivity of a DNA self-assembled object by its nucleotide sequence, an ability that may find applications in nanofluidic electronics.
RESULTS AND DISCUSSION
MD Simulations of Ionic Conductivity of a DNA Origami Plate. Figure 1a schematically illustrates a system for the experimental characterization of the ionic conductivity of DNA origami plates. 52 This particular image All-atom model of the experimental system. The scaffold and staple strands are shown in blue and yellow, respectively. Water is shown as a semitransparent molecular surface, Mg 2þ , K þ and Cl À ions are shown as pink, ochre and cyan spheres, respectively. For clarity, only 10% of the ions are explicitly shown. Under periodic boundary conditions, the DNA origami plate is effectively infinite in the xÀy plane. (c) Distribution of ions across a DNA origami plate as a function of the distance from the plate's center. The distributions obtained from a 48 ns unrestrained equilibration simulation (solid lines) and a 48 ns simulation under a 100 mV applied potential (dashed lines) are plotted. Black lines indicate the distribution of DNA phosphorus atoms. The concentration profiles were computed by averaging over the xÀy plane and the simulation trajectories using 1 Å bins. Blue areas indicate the parts of the system where the bulk ion concentration was computed. (d) Bulk concentration of K þ , Cl À and Mg 2þ ions versus simulation time under a 100 mV applied potential. (e) Simulated distribution of the electrostatic potential at a 100 mV applied potential. The map was obtained by averaging the instantaneous distributions of the electrostatic potential over the 48 ns MD trajectory and the x axis. (f) Ionic current versus applied potential. Each data point was obtained from a 48 ns trajectory. All data presented in this figure are for a two-layer square-lattice DNA origami plate at 50 mM Mg 2þ /1 M KCl bulk ion concentration. ARTICLE features a two-layer square-lattice DNA origami that measures approximately 57.8 nm (170 bp) Â 52.8 nm (24 helices) Â 4.4 nm (2 helices). Although it is technically possible to simulate this entire DNA origami object using a fully atomistic model, such simulations are computationally expensive and are not even necessary because the full-length plate is a repetition of a unit cell pattern. Thus, the majority of our MD simulations were performed on all-atom models of the unit cell, such as the one shown in Figure 1b . The initial coordinates of the models were obtained by converting the caDNAno designs 54 to the atomistic representation following a previously described protocol. 55 By introducing covalent bonds across the periodic boundaries, the DNA origami plates were made effectively infinite in the xÀy plane. The plates were immersed in ionic solution, minimized and equilibrated as described in Materials and Methods. Figure 1c illustrates a typical distribution of ions in a fully equilibrated system. At the scale of the simulation system, the distribution is nonuniform. Within the volume occupied by DNA origami, the concentration of cations is enhanced and the concentration of anions is reduced, in accordance with the results of our previous studies. 56, 57 In a distance of approximately 20 Å from the DNA origami plate, ion concentration profiles flatten out. We used a rectangular volume away from the DNA (blue area in Figure 1c ) to determine the "bulk" concentrations of ions. As the equilibrium distribution of ions is highly nonlinear, it was not possible to determine a priori the number of K þ , Cl À and Mg 2þ ions that were needed to produce a desired bulk concentration. Hence, several iterative equilibration runs (∼50 ns each) were required to bring the bulk ion concentration to the target value.
To produce ionic current, a uniform electric field, E, was applied normal to the DNA origami plate, inducing an electric potential difference, V = ÀEL, where L was the length of the simulation system in the direction of the applied field. 58 The application of the electric field had a minor effect on the distribution of ions within the DNA origami plate, Figure 1c . The bulk ion concentration remained stationary, Figure 1d . Figure 1e shows a typical distribution of the electrostatic potential in the simulation system corresponding to a 100 mV voltage difference across the DNA origami plate. The distribution is highly nonlinear within the plate. The approximate location of the DNA helices can be discerned as regions of elevated electrostatic potential, which is produced by the partial positive charge on the DNA bases; the negative charge of the DNA backbone is effectively screened by the counterions. The current of ions produced by the electric field can be readily determined by summing up ion displacements over the simulation system and the MD trajectory. 58 The ionic current appears to increase linearly with voltage and be carried predominantly (80À85%) by potassium ions, Figure 1f . Animation S1 (Supporting Information) illustrates the process of ion permeation through the DNA origami plate.
Effect of Number of Layers, Lattice Type, and Nucleotide Composition. To examine how the ionic conductivity of a DNA origami plate depends on the number of DNA layers, we built and equilibrated square-lattice DNA origami systems containing two (SQ2), four (SQ4), and six (SQ6) DNA layers, Figure 2a ; the bulk concentrations of Mg 2þ and KCl were ∼250 mM and 1 M, respectively. The equilibrated structures were simulated under applied bias of 100, 250, and 500 mV for 48 ns each. At the same bias, systems having a larger number of layers showed a lower ionic current, Figure 2b . The dependence of the current on the number of layers is, however, nonlinear: the SQ2 system appears to be more permeable to ions than the SQ4 system at doubled applied bias.
Knowing the dimensions of the simulation system (L x , L y and L z ) and the extension of the DNA origami along the direction of the applied field L o , the conductivity of the DNA origami plate σ o,z can be computed from a simple circuit model as
where V is the applied potential, I z is the average current normal to the plate and F s is the resistivity of the solution. Figure S1 and Supporting Information Methods provide a detailed description of the circuit model. Figure 2c shows the conductivity of the SQ2, SQ4 and SQ6 plates as a function of applied potential. The conductivity of the four-and six-layer structures is approximately the same and does not depend on the applied bias. The conductivity of the SQ2 is higher and increases with the applied potential. Given that the solution resistivity ( Figure S2 ) and the cross-sectional area of the SQ2, SQ4 and SQ6 systems ( Figure S7b ) are approximately the same, the apparent difference in the conductivity is caused by the differential extension of the DNA origami along the direction of the applied field. Indeed, the thickness per layer of the SQ2 plate is ∼12% larger than that of the SQ4 and SQ6 systems and increases with the applied potential, Figure S7c . The fraction of the plate's volume occupied by DNA is lower in the two layers of the SQ2 plate than in any two layers of the SQ4 or SQ6 structures, and hence the SQ2 structure has a higher conductivity. The more compact structure of the four-and six-layer plates is a consequence of their design. The unit cell of the two-layer plate contains only two Holliday junctions between the two layers, which is considerably less dense than six and ten interlayer junctions in the four-and six-layer plates, respectively, Figures S3ÀS5. Furthermore, staple strands in the SQ4 and SQ6 plates can bridge up to three consecutive layers.
ARTICLE
In order to determine how the lattice type can affect ion permeation through DNA origami plates, we constructed two additional systems based on the honeycomb (HC2) 26 and hexagonal (HX2*) 31 lattices, Figure 2d . Here, we use an asterisk to distinguish the simulated hexagonal lattice system from the one realized in experiment. 31 We built our HX2* system by inserting a DNA double helix into the central cavity of a honeycomb lattice. In contrast to the system realized in experiments, the central double helix was not connected to the surrounding DNA helices through Holliday junctions. To compare the ion permeability of different DNA structures, we plot in Figure 2e the ionic current per unit area (the unit cells of the SQ2 and HC2 structures have different areas). Overall, the current density of the SQ2 plate was roughly twice as high as for the HC2 and HX2* plates at the same applied bias whereas the current densities of the HC2 and HX2* plates were comparable. Taking into account the dimensions of the plates in the direction of the applied field, the conductivity of the SQ2 plate is estimated to be about 120À130% of the conductivity of the HC2 plate, Figure 2f . The higher conductivity of the SQ2 plate primarily results from the lower density of the DNA nucleotide per unit area of the plate, Figure  S8b , and a higher nearest-neighbor inter-DNA (NNiD) distance, Figure S8d . One would intuitively expect the conductivity of HX2* to be lower than that of HC2, given its more compact structure. However, our data shows that the difference in conductivity between HC2 and HX2* is not significant. As the central helix in our HX2* was not connected to the surrounding helices, the electrostatic repulsion between the central helix and the surrounding helices made the entire structure and ionic conductivity (i) versus applied voltage for the three systems shown in panel g. The AT and CG systems contained the same number of magnesium ions; the number of Mg 2þ ions in the m13 system was 2.5% higher than in either AT or CG system. Because of the differential affinity of Mg 2þ ions to AT and CG base pairs the equilibrium concentrations of Mg 2þ were 243.6 ( 2.2 (AT), 249.4 ( 2.2 (m13) and 209.4 ( 2.1 (CG) mM. Data in panels b, e and h were obtained from 48 ns trajectories; the lines indicate the linear fits to the data. Error bars in panels c, f, and i show the standard error computed over five ∼10 ns fragments of the 48 ns trajectory. ARTICLE more diffuse in comparison to the HC2 structure. Thus, the NNiD distance is higher for the HX2* structure than for HC2, Figure S8c ,d. The larger NNiD distance of the HX2* structure compensates for the higher (than HC2) nucleotide density of HX2*, Figure S8 .
Our simulations suggest that the conductivity of a DNA origami plate can also depend on its nucleotide content. Figure 2g shows typical conformations of three SQ2 plates that differ from one another in their design only by their nucleotide content. The nucleotide content appears to affect the average distance between DNA helices within the plate as well as the distance between Holliday junctions along the helices, with the AT plate being most sparse and the CG plate most compact. Animations S2ÀS4 illustrate conformational dynamics of the three plates. The simulated ionic current, Figure 2h , and the ionic conductivity, Figure 2i , depend on the nucleotide content, with the AT plate being the most leaky and the CG plate being the most ion tight. The current and conductivity of the plate made from a fragment of the m13mp18 genome (AT content of 45%) fall in between the data obtained for the AT and CG plates. The sequence dependence can be rationalized taking into account the differential affinity of Mg 2þ toward AT and CG DNA pairs. 57, 59 The CG-rich DNA origami was found to have a higher concentration of Mg 2þ inside the origami, Figure S9a ,b. The higher concentration of Mg 2þ reduced the electrostatic repulsion between the DNA helices in the origami, resulting in more compact structures, Figure S9c ,d. The higher degree of expansion of the AT system makes it more permeable to ions in comparison to the GC system; the properties of the m13 system fall in between of the AT-and CG-rich systems.
Magnesium Affects the Structure and Conductivity of DNA Origami Plates. The results of our MD simulations suggest that the ionic current through the same DNA construct (SQ2) under the same applied voltage drops by ∼43% when the bulk concentration of Mg 2þ increases from 50 to 250 mM ( Figure 1f and Figure 2b ). Using an experimental setup shown in Figure 3a , we systematically examined the dependence of the DNA origami conductivity on Mg 2þ concentration. Table S3 and Figure S10 detail design and characterization of the plates used for these experiments. The DNA origami plates were repeatedly trapped onto the nanocapillary; the trapping events were discerned by the drop of the ionic current, Figure 3a . The magnitude of the ionic current drop increased as the concentration of Mg 2þ increased, consistent with the behavior observed in our MD simulations of the origami plates.
Repeating the trapping experiments at four different magnesium concentrations (5.5, 25, 50, and 100 mM MgCl 2 ) while keeping the concentration of KCl at 1 M, we measured the relative change of hybrid nanocapillary-DNA origami conductance. To directly compare the results of the trapping experiments using ARTICLE capillaries of different diameters, we define the relative conductance change ΔG = 1 À G hybrid /G 0 , where G hybrid /G 0 is the ratio between the conductance of the bare nanocapillary G 0 and the conductance of the hybrid DNA origamiÀnanocapillary structure G hybrid upon trapping. G hybrid /G 0 can be directly inferred from measuring the ratio I hybrid /I 0 between the corresponding ionic current levels I hybrid and I 0 , Figure 3a . For each magnesium concentration, we tested a range of nanocapillaries (denoted by number of experiments N in Figure 3b ) and performed several hundred trappings (denoted by total number of trappings T in Figure 3b ) at applied potentials of 300, 400, and 500 mV, respectively.
From our measurements we can conclude that there is both a voltage and MgCl 2 dependence of ΔG. At each MgCl 2 concentration, a higher voltage leads to a higher ΔG, Figure 3b ; the voltage dependence is more pronounced for higher MgCl 2 concentrations. The voltage dependence suggests that the voltage applied to trap the DNA origami structures leads to deformations as expected from our earlier measurements. 52 Figure 3c shows ΔG at 500 mV as a function of the MgCl 2 concentration. We observe that ΔG increases monotonically as [Mg 2þ ] of the solution is increased. We note that the increase in the MgCl 2 concentration from 5.5 to 100 mM only leads to a 12.4% increase in the conductivity of the bulk solution from 10.5 to 11.8 S/m. However, ΔG is enhanced by a factor of 2 from ∼0.15 to ∼0.30 at 500 mV, Figure 3c . This further highlights the strong interaction between the Mg 2þ ions and the DNA origami plate.
MD simulations elucidated the microscopic origin of the [Mg 2þ ] dependence of the plate's conductivity. Figure 4a shows the area of the SQ2 plate simulated at three different values of [Mg 2þ ] and 1 M KCl. Although the area undergoes considerable fluctuations at a time scale of hundreds of nanoseconds, the average value decreases as [Mg 2þ ] increases. Figure 4b shows the representative conformations of the three systems featured in Figure 4 a; the dimensions of the unit cell are highlighted. Animations S4, S5, and S6 illustrate these simulation trajectories. Temporal fluctuations of the area were seen to become less pronounced as [Mg 2þ ] was increased, Figure S11 . Figure 4c shows the simulated dependence of the area on [Mg 2þ ] in the 0 to 250 mM range. For each data point, the corresponding system was simulated for more than 490 ns, Table S1 ; the average area and [Mg 2þ ] concentration were determined by averaging over the last 400 ns of each MD trajectory. The plot reveals a linear correlation between [Mg 2þ ] and the area of the DNA origami plate. By setting the area of each simulation system to its average value and applying an external field, the simulations determined the dependence of the plate's conductivity on the magnesium concentration: the conductivity linearly decreases as [Mg 2þ ] increases, Figure 4c , in agreement with the experimental observations. Thus, increasing the concentration of Mg 2þ ions makes the DNA origami plate more compact, decreasing its conductivity.
To independently verify the compaction of the DNA origami plates induced by Mg 2þ , we performed FRET measurements on DNA origami labeled with Cy3 (donor) and Cy5 (acceptor) dyes. The fluorophore attachment sites were located in the center of the DNA origami plate and within the same plane of the plate. We prepared three variants of the structure having the Cy3ÀCy5 pair aligned parallel, perpendicular and diagonal to the direction of the DNA helices, Figure 4d . The structural integrity of the fluorescently labeled plates was confirmed by agarose (1%) gel electrophoresis, Figure S12 . For each arrangement of the Cy3ÀCy5 pair, FRET measurements were performed by gradually increasing the concentration of MgCl 2 in the same cuvette and collecting the emission spectra at MgCl 2 concentrations of 5.5, 55.5, 105.5, and 205.5 mM. This allowed us to avoid possible artifacts associated with sample variation. The apparent FRET efficiency E* was determined using a ratiometric approach, E* = I A /(I D þ I A ), where I A and I D were the emission intensities of the acceptor and donor dyes, respectively, upon donor excitation. The intensities I D and I A were obtained by calculating the area under the emission spectra corresponding to the donor and acceptor signals, Figure S13 . The apparent FRET efficiency was found to depend both on the orientation of the Cy3ÀCy5 dyes and MgCl 2 concentration, Figure 4e . For the perpendicular orientation, we observed a clear increase in E* by ∼20% as the MgCl 2 concentration increased from 5.5 to 205.5 mM, which we interpret as reduction of the distance between the labels. A similar trend was observed for the diagonal orientation of the dyes. For labels placed along the DNA helix, increasing the MgCl 2 concentration from 5.5 to 205.5 mM leads to a decrease in E* by ∼15%.
For comparison, we plot in Figure 4f the estimated distance between the dye attachment sites measured from MD trajectories of the SQ2 system. In the experiment, the dye labels were attached near scaffold crossovers of the origami plates. Our minimal models of the plates contained neither the dye molecules nor crossovers of the scaffold strand. Hence we used the distance between phosphorus atoms to estimate the distance between the dyes. For the parallel and diagonal arrangements of the Cy3ÀCy5 pair, we computed the average distance between all pairs of phosphorus atoms that satisfied the distance restraints of the experimental design, Figure 4d . For the perpendicular arrangement, we used the average dimension of the simulation system along the y axis. The distances were averaged over the 400 ns fragments of the respective trajectories sampled every 2.4 ps. A higher separation ARTICLE between the dyes was observed at lower concentrations of Mg 2þ for the perpendicular arrangement of the FRET pair, in qualitative agreement with the experiment. No statistically significant change in the FRET pair separation was determined for the parallel and diagonal arrangements of the labels.
Deformation of DNA Origami Plates by Electric Field. Being negatively charged, a DNA origami plate moves in an external electric field, loading itself on top of a nanocapillary or a solid-state nanopore. 45, 46, 48, 52 Once placed on a solid-state support, the motion of the plate is arrested; however, further deformation of the internal structure can occur under the action of the electric field.
To evaluate the nature and extent of the structural deformation, we first examined the behavior of the origami plates in MD simulations carried out without the support structure. In those simulations, a harmonic potential was applied to the center of mass of the DNA origami plate to limit the drift of the plate in the external field. Figure 5 summarizes the results of our analysis. In all two-layer DNA origami structures, the distance between the layers was observed to increase with the magnitude of the electric field, Figure 5a ,b and Animations S7ÀS9. We suggest that the larger deformations observed in the HX2* structure as compared to the HC2 structure were due to the missing Holliday junctions in our design, Figure 5b . Such deformations were reversible. For example, by switching the electric field on and off, the distance between the layers of the SQ2 structure could be increased and reduced at a hundred nanosecond time scale, Figure 5c and A different mode of deformation was observed when a DNA origami plate was put on top of a solid support, Figure 6a , which is a typical situation realized in experiment. For this set of MD simulations, we built a ∼15 nm nanogap structure from amorphous SiO 2 and placed a fragment of SQ2 structure 1 nm away from the SiO 2 structure, leaving space for the addition of Mg 2þhexahydrate. In contrast to our previous setup, the origami plate was only made effectively infinite in y direction and was double in length of the SQ2 plate, Figure S6 . Following ∼20 ns equilibration, the systems were subjected to applied potentials of different magnitudes. Figure 6a displays the structures observed at the end of the MD runs. The plate is observed to deform and move into the gap as the magnitude of the applied bias increased, Animations S10ÀS12. To quantify the degree of such motion, we plot in Figure 6b the average distance from the origami plate's center of mass and the nearest surface of the SiO 2 structure, H (also see Figure S14 ). The plate moved in by several Å, on average. Coincident with bending, the layers of the DNA origami structure move apart, just like in our previous simulations of bare plate system, Figure 5 . Under the same voltage, the layers in the bare and gap systems move apart by approximately the same degree, Figure 6b . Bending of the plate increases the density of DNA nucleotides, in comparison to the density of an equilibrated SQ2 plate, Figure 6c . At a 1 V bias, the DNA origami was observed to permeate through the nanogap structure, Animation S13.
The observed deformation of the plate structure in the hybrid system is caused by a delicate balance of the hydrodynamic drag that pushes the DNA origami away from the gap and the electrostatic force that pulls the origami into the gap. In Figure 6a , we characterize the nonuniform water flux pattern by indicating the direction (arrow) and magnitude (color and line width) of the local flux using a streamplot. Figure 6d compares the total flux of water through the bare and hybrid DNA origami structures. To enable direct comparison between the two systems, the figure shows the total water flux through the xÀy plane divided by the xÀy area of the system (bare origami) or the area of the gap (hybrid system). The flux is smaller in the case of the hybrid structure because of the presence of the SiO 2 structure. Figure 6e compares the IÀV curves of the hybrid and bare DNA origami structures normalized by the area. The IÀV curves are slightly nonlinear in both cases: the current increases faster than linearly in the case of the bare origami structure and slower than linearly in the case of the hybrid structure. To make the nonlinear behavior more obvious, we plot in Figure 6f the relative conductance blockade ΔG that was previously introduced to describe the nanocapillary measurements. ΔG clearly decreases in the case of a bare structure and increases in the hybrid system.
The nonlinear behavior is explained by the deformation of the origami plates. The bare system becomes more sparse as the voltage increases, Figure 5 , allowing more ions to pass. The hybrid system becomes more dense, additionally obstructing the passage of ions, Figure 6c . For comparison, ΔG measured experimentally using the nanocapillary setup is plotted versus voltage in Figure 6g . The simulated and experimental dependencies are in good qualitative agreement. Direct quantitative comparison, however, is not possible as the simulated and measured structures significantly differ from one another in terms of geometry: an infinite gap was considered in simulations, whereas a long conical capillary was used in experiment. Another factor is the presence of the guiding leash in the experiment, which could cause an additional deformation of the structure. 52 Our simulations also provide an estimate of the leakage current between the DNA origami and the SiO 2 surface. Within 0.5 nm of the silica surface, the ionic ARTICLE current was found to amount to at most 6% of the total current for the structures considered.
Anisotropic Conductivity of DNA Origami Structures. To determine if the intrinsically anisotropic structure of a DNA origami object can cause it to have anisotropic electrical properties, we simulated the m13 SQ2 system applying the electric field parallel and perpendicular to the DNA helices, Figure 7a . Knowing the resulting ionic currents I x and I y , the ionic conductivity of the SQ2 plate parallel (σ o,x ) or perpendicular (σ o,y ) to the DNA helix direction can be computed using an electric circuit model that approximates the simulated system as resistors connected in parallel, Figure S1b ,c. Figure 7b specifies the simulated directional conductivity of the plate. The DNA origami is predicted to be more conductive parallel to the DNA helices than perpendicular to them. The conductivity of the plate along the z direction, σ o,z , which is plotted in Figure 2f , is similar to that of σ o,y , but exhibits larger dependence on the voltage as the origami plate was free to expand in that direction.
To test the predictions of the MD simulations, we designed a pair of cuboid-shaped DNA origami structures, Cuboid X and Y. Figures 7c and S15 show the structures in detail. Importantly, we were able to control the orientation of the cuboids on top of the nanocapillary with the help of a guiding leash attached to the different faces of the cuboids. As in the case of the DNA origami plates, we detected the placement of Cuboid X or Y on the nanocapillary tip as a drop in the ionic current until reversal of the voltage polarity ejected the cuboid structure. Figure S15 shows typical The distance between the center of mass of the SQ2 plate and the top surface of SiO 2 (right) and the distance between the upper and lower layers of the SQ2 plate (left) versus applied voltage (also see Figure S14 ). For the hybrid structure, only the part of the DNA origami directly on top of the gap in ARTICLE ionic current traces. We repeated trapping and ejection experiments hundreds of times for the same nanocapillary. All experiments were carried out at 1 M KCl, 5 mM MgCl 2 , 0.5 Â TBE (Tris/Borate/EDTA, Table S6 ) and pH 8.3.
For quantitative analysis, we chose ionic current recordings for each cuboid from five nanocapillaries whose resistances ranged between 50 and 140 MΩ. Representative histograms of the relative conductance change ΔG at different voltages are shown in Figures S17, S18. For nanocapillaries of similar resistances, ΔG appears to be larger for Cuboid Y than for Cuboid X.
To directly compare the relative conductance blockades produced by Cuboids X and Y, we need to account for the fact that the cuboids were longer (29 nm) in one dimension (along DNA helices) than in the other two (both 23 nm). It was previously shown that the conductance of a DNA origami plate is determined mainly by the current that flows through the area directly above the nanopore, transverse to the plate. 46 Thus, we can correct our data by assuming that the resistance of a DNA origami cuboid is simply proportional to its length. Scaling the resistance of Cuboid X by 23/29, we can arrive with an expression for the corrected relative conductance change of cuboid X, ΔG x 0 , which can be directly compared to the relative conductance change of Cuboid Y, ΔG y . The detailed derivation of the correction is given in Supporting Information Methods. Figure 7d is considerably smaller than ΔG y . Thus, our measurements indicate that the DNA origami structure is considerably more conductive along the DNA helix direction (Cuboid X) than normal to the DNA helices (Cuboid Y), in agreement with the predictions of the MD simulations.
CONCLUSIONS
Through a combination of computer simulations and experiments we have elucidated determinants and the microscopic mechanism of ion conductivity of DNA origami. It has already been known that the lattice type can affect the ionic conductance of a DNA origami plate. 53 In accordance with the previous studies, our simulations determined the conductance of a square-lattice plate to be approximately twice that of a honeycomb one. Rather unexpectedly, we also found that both the bulk concentration of magnesium ions and the CG content of the DNA origami plate could affect the conductivity of DNA origami via the same mechanism, altering the average distance between the DNA helices in the plate. Increasing the concentration of Mg 2þ makes the plates more compact, reducing their ability to conduct ions. Our results suggest that the leakage current through the DNA origami plates can be reduced by at least half along with the fluctuations of the current, which is expected to increase the sensitivity of ionic current measurements performed using DNA origami-based nanopore sensors.
We found that the structure of DNA origami plates could change in response to the applied electric field. Subject to the same electric field, the two-layer squarelattice plate is considerably more leaky to ions than the four-or six-layer plates because of the greater deformability of the former. Furthermore, we found that switching on and off the electric field can produce reversible changes in the plate structure on a very short (∼50 ns) time scale. Our simulations identified the electro-osmotic flow as the microscopic force driving the deformation of the plates. When placed on a solidstate support, the DNA origami both buckles and swells as a result of the competition between the force of the applied field driving the origami into the nanopore and the drag of the electro-osmotic flow swelling the structure. The reversible deformation of DNA origami ARTICLE structures in electric field may find uses in the design of nanoscale electromechanical switches.
We have also shown that the electrical conductivity of a DNA origami object can be anisotropic. Although materials science knows many examples of inorganic substances that exhibit anisotropic electrical conductivity (for example, graphite), the ability of programming the electric properties of DNA-based nanostructures has not been demonstrated, to the best of our knowledge, until now. The possibility of controlling the direction and magnitude of ionic current within a self-assembled DNA nanostructure is poised to find applications in nanofluidic electronics. Our work demonstrates the predictive power of the MD method in the characterization of synthetic DNA nanostructures.
MATERIALS AND METHODS
Simulations. General MD Methods. All molecular dynamics simulations were performed using the program NAMD2, 61 periodic boundary conditions, the CHARMM36 parameter set for water, ions and nucleic acids, 62 CHARMM-compatible parameters for amorphous silicon dioxide, 63 and custom parametrization of ionÀDNA and ionÀion interactions. 56 All simulations employed a 2À2À6 fs multiple timestepping, SETTLE algorithm to keep water molecules rigid, 64 RATTLE algorithm to keep all other covalent bonds involving hydrogen atoms rigid, 65 a 8À10À12 Å cutoff for van der Waals and shortrange electrostatic forces. Long-range electrostatic interactions were computed using the particle mesh Ewald (PME) method 66 over a 1.2 Å resolution grid. 67 All-Atom Models of DNA Origami Systems. Using the caDNAno program, 26 we designed 22-by-2 (2 layers), 8-by-4 (4 layers), 4-by-6 (6 layers) square (SQ) lattice DNA origami plates and a honeycomb (HC) lattice plate containing 14 helices arranged as 3 planar hexagons. With the exception of the AT and GC SQ2 systems, for which we provided custom (AT) n and (GC) n sequences, the plates were assigned the nucleotide sequence based on the m13mp18 genome by caDNAno. Using the connectivity (.json) and the staple sequence (.csv) files, the caDNAno designs were converted to all-atom structures by the cadnano2pdb program. 55 From the all-atom structures, we extracted 4 (SQ2 and HC2), 8 (SQ4), or 12 (SQ6) helices, forming the minimal repeat units of the corresponding ideal lattice DNA origami designs. Under the periodic boundary conditions, the unit cells formed effectively infinite plates. Figures S3ÀS5 provide detailed schematics of the designs used for MD simulations. Table S2 lists the nucleotide sequences of the staple strands used to build the all-atom models. The hexagonal structure (HX2*) was made by inserting a 21-bp double helix into the central pore of the HC2 structure. The additional helix was made effectively infinite under periodic boundary conditions. The AT content of the HC2, HX2*, SQ4, SQ6 plates was about 46, 48, 50 and 55%, respectively. Variation of a few percent in the AT content among the plates was expected to have a rather minor effect on the variation of the ionic current among the different designs. The SQ2 hybrid origami structure was 64-bp long and contained two unit cells of SQ2. The sequence and the detailed schematics of the SQ2 hybrid structure can be found in Table S2 and Figure S6 , respectively. After the all-atom model of the DNA origami structure was complete, Mg 2þ -hexahydrates 56 were randomly placed near the structures; water and ions were added using the Solvate and Autoionize plugins of VMD. In x and y, the dimensions of the solvation box were the same as those of the DNA origami. The initial z dimension of the solvation box was about 2À3 times the z dimension of the DNA origami; the z dimension of the system was reduced considerably during the equilibration as water entered the DNA origami structure.
Equilibration of the All-Atom Models. Upon assembly, the systems were minimized using the conjugate gradient method for 9600 steps to remove steric clashes. During the minimization process, every atom of the DNA origami structure was harmonically restrained (with the spring constant k spring = 1 kcal/ (mol Å 2 )) to its initial coordinates to prevent the structure from breaking. After minimization, the systems were equilibrated under the NPT condition, where the number of atoms (N), pressure (P) and temperature (T) were kept constant. The pressure was set to 1 atm using the NoséÀHoover Langevin piston method. 68, 69 The temperature was maintained at 295 K using a Langevin thermostat. 70 Fluctuations of the system's dimensions along the x, y and z axes were decoupled from one another. The systems were initially equilibrated for ∼2 ns applying harmonic restraints (k spring = 1 kcal/(mol Å 2 )) to every atom of the DNA origami. Next, the equilibration was continued for 10 ns applying the same-strength harmonic restraints to the atoms of the DNA bases only (excluding hydrogen atoms), allowing the DNA backbone to relax. Following that, spatial restraints were replaced by a set of harmonic potentials (k spring = 1 kcal/(mol Å 2 )) that confined the distances between certain atom pairs in the DNA origami (excluding hydrogen atoms, phosphate groups, atoms in the same nucleotide and pairs separated by more than 10 Å) to their initial values; each system was simulated under such restraints for ∼30 ns. Following that, the DNA origami was equilibrated without any restraints. During all stages of the equilibration process, the integrity of each Mg 2þ -hexahydrate complex was maintained using harmonic potentials (k spring = 5000 kcal/(mol Å 2 )) that kept the distance between the six water molecules and the magnesium ion at 1.94 Å.
Adjustment of Bulk Ion Concentration. To determine and adjust the bulk ion concentration, a system was first simulated under the NPT conditions and no restraints for 48 ns. The resulting MD trajectory was aligned to have the center of mass of the DNA origami at the origin of the system and the solution symmetrically partitioned along the z axis with respect to the DNA origami. The local ion concentration was computed in 1 Å bins along the z axis (normal to the membrane) by averaging over the xÀy plane of the MD trajectory. The 5 Å top and bottom layers (10 Å width in total) were used to measure the bulk concentration. The difference between the actual and target bulk concentrations was used to determine the number and type of ions that needed to be added to or removed from the system. Upon adjustment of the number of ions, the systems were minimized for 9600 steps and equilibrated for another 48 ns. The bulk concentration was recalculated and another adjustment to the number of ions was made, if necessary. Obtaining the target concentration within (20 mM accuracy typically required 2À5 iterations.
Construction of the Hybrid System. The amorphous SiO 2 structure was obtained using a previously described annealing procedure. 63 The final structure measured 12 nm in the x direction, 5.15 nm in y and 8 nm in z. Under periodic boundary conditions, the SiO 2 structure represented an infinite (in the y direction) gap, with the walls of the gap separated by ∼15 nm in the x direction. To construct a hybrid structure, the SQ2-long plate (defined in Figure S6 ) was placed across the gap 1 nm above the SiO 2 structure. Under the periodic boundary conditions, the DNA origami plate was periodic only in the y direction; the distance between the ends of the origami in the x direction was about ∼5.5 nm. Mg 2þ -hexahydrate, water, K þ and Cl À were added as described above. As the dimension of the hybrid system was fixed in the x and y dimensions, ∼20 ns constant area NPT equilibration was sufficient for the system to attain its equilibrium volume. In all simulations of the hybrid system, each atom of SiO 2 was harmonically restrained to its coordinates obtained at the end of the annealing procedure (with the spring ARTICLE constant of 20 kcal/(mol Å 2 )). A DNA-specific grid-based potential was applied to reduce adhesion of DNA to SiO 2 . 71, 72 MD Simulation of Ionic Current. All simulations of the ionic current were performed in the constant number of atom, volume and temperature ensemble. A voltage drop (V) across the system was produced by applying an external electric field E such that V = ÀEL, where L was the length of the simulation system in the direction of the applied field. 58 To determine the dimensions of the system for the constant volume simulations, we first obtained the average xÀy cross section area of the system of interest using the last 400 ns of the NPT equilibration. Among the total number of frames of the equilibration trajectory, we chose the one having its xÀy cross section area closest to the 400 ns average and started our ionic current simulation using the coordinates of that frame. To prevent the DNA origami from drifting in the electric field, we applied a harmonic constraint to its center of mass using the spring constant of 1 kcal/(mol Å 2 ). As the xÀy cross section area of the SQ2/SiO 2 hybrid system was fixed during the equilibration, the ionic current simulations were performed starting from the last frame of the NPT equilibration; no restraints were applied to the DNA origami plate.
Experiments. Assembly of Hybrid DNA Origami Nanopores. For our experiments, we used a DNA origami design consisting of a flat square-shaped plate (57.8 nm (170 bp) Â 52.8 nm (24 helices)) that was two helices thick with a ∼330 nm long leash of double-stranded DNA facilitating the correct and stable insertion of DNA origami into the nanocapillary. 52 The sequence of base pairs for the single-stranded scaffold and staples was determined by the DNA origami software caDNAno and is given in the Table S3 . 26 The 8634 nt-long mutant of the m13mp18-scaffold and 243 staples were mixed in a 1:10 stoichiometric ratio in 16 mM MgCl 2 , 1 Â TE solution, Table S6 . In a thermal-annealing cycling process (23 h), the single-stranded DNA fragments self-assembled into tightly interlinked double-helical DNA domains in a square packing lattice. After purification by centrifugation with 100 kDa molecular weight cutoff filters (100 kDa Amicon Ultra, Millipore), the successful assembly of DNA origami plates and the absence of aggregates were confirmed by means of agarose gel electrophoresis and atomic force microscopy (AFM) (see Figure S10 ).
Design of DNA Origami Cuboids. A pair of cuboid-shaped structures was designed to have the same main body composed of 64 (8 by 8) helices arranged in a square lattice pattern. The length of each helix was 85 base pairs. Thus, the cuboids measured 29 nm along the DNA axis and 23 Â 23 nm 2 in cross section, Figure S15 . The two cuboid structures differed by the attachment of the guiding leash: the leash of Cuboid X was attached at the end of a DNA helix, whereas the leash of Cuboid Y extended from the middle of a helix; both leashes protruded approximately from the centers of the respective cuboid faces. The leashes had exactly the same length (1777 base pairs) extending up to ∼300 nm away from the main body. Folding of each origami cuboid was directed by 138 staples; 45 complementary staples were used to make the leash double stranded. Detailed 2-D design layouts and staple sequences can be found in Figures S19, S20 and Tables S4 and S5. The staples were mixed with 7249 nt-long single-stranded scaffold (m13mp18, purchased from New England Biolabs, Cat N4040S) at a concentration of 100 and 10 nM, respectively. Successful folding was carried out within TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH = 8) with 14 mM MgCl 2 . Excess staples were left after folding and had to be removed. Centrifugation with molecular weight cutoff filter (100 kDa Amicon Ultra, Millipore) was used for the purification. Electrophoresis and AFM measurements were used for origami characterization. The dominant bands in lane 3 and 4 of the gel image, Figure S15a , correspond to the correctly folded origami structures. The main body and the leash can be clearly seen in the AFM images of the folded structures, Figure S15b ,c.
Electrical Recording Using Nanocapillaries. Quartz nanocapillaries with outer diameters of 41 ( 5 nm were fabricated using a laser-assisted pipet puller (Sutter P-2000) and embedded into a polydimethylsiloxane (PDMS) (Sylgard 184, DowCorning) cell with two fluid reservoirs and a connecting channel, as previously described. 52 For nanocapillaries used in DNA origami cuboid measurement, nanocapillaries with the inner diameter of 9.1 ( 2.0 nm were produced by a laserassisted pipet puller and then imaged with FEI Magellan XHR SEM at 1À2 kV acceleration voltage. An example SEM image of the nanocapillaries and the diameter distribution of 13 nanocapillaries are shown in Figure S16 . Two silver wires (diameter 0.2 mm, Advent) were chlorinated (Ag/AgCl) and used as electrodes that were inserted into the two reservoirs containing an electrolyte solution (1 M KCl, varying MgCl 2 concentration, buffered with 0.5Â TBE, pH ≈ 8.3). Ionic current traces were measured by means of an Axopatch 200B amplifier (Axon Instruments, USA) at a sampling frequency of 100 kHz and with an internal Bessel filter at 10 kHz. The signals were digitized by a NI-PCIe-6251 card (National Instruments, USA) and processed with custom-made LabVIEW routines (LabVIEW 8.6, National Instruments).
Measurements of DNA Origami Conductivity. The DNA origami solution, typically at 0.5 nM in the respective measurement buffer, was added to the reservoir in front of the nanocapillary. As DNA is negatively charged, the DNA origami plates were driven toward the nanocapillary upon applying a positive voltage. We can typically trap the DNA origami structures stably within a voltage range of 300À500 mV. At lower voltages, the structures are not stably trapped, while they translocate at higher voltages as previously reported due to mechanical failure. 52, 53 We clearly observe the trapping of a DNA origami plate onto the nanocapillary by the voltage-dependent drop in the ionic current, as shown in Figure 3a . As a result of nonspecific interactions between DNA origami and the quartz surface in the presence of magnesium, reversing the voltage did often not lead to successful ejection of DNA origami from the nanocapillary above 5.5 mM MgCl 2 . However, by applying a very high positive voltage, i.e., 1000 mV, it was possible to suck the DNA origami through the nanocapillary and recover the original current baseline. Because of the reversibility of the DNA origami insertion process, trappings could be routinely performed up to a few hundred times per voltage step and nanocapillary. 48, 52 Assembly of Fluorescently Labeled DNA Origami Plates. The fluorescently labeled staples were purchased from Integrated DNA Technologies (IDT). The assembly, purification and characterization of the FRET-modified DNA origami plates followed the procedure outlined for the unmodified DNA origami plates with leash as described above. However, light exposure had to be minimized in the assembly and purification processes to avoid fluorophore bleaching. The fluorescently labeled staples are marked in Table S3 in the Supporting Information.
Spectrofluorometry for Emission Measurements. FRET measurements were performed in bulk using a Cary Eclipse Fluorescence Spectrophotometer (Agilent Technologies). It utilized a Xenon flash lamp to excite the sample at a single constant wavelength. An emission intensity spectrum was then collected over a range of wavelengths in an orientation of 90°to the exciting light. In our experiments, the excitation wavelength was set to 521 nm and the wavelength range 550À700 nm was scanned to obtain the emission spectra. The excitation slit was set to 20 nm. The FRET-modified DNA origami sample was diluted to a final concentration of ∼2 nM in a low volume cuvette (70 μL) (Sigma-Aldrich). Emission spectra were taken in various solutions buffered with 0.5Â TBE, MgCl 2 concentrations ranging from 5.5 to 205.5 mM and at a background concentration of 1 M KCl. MgCl 2 was added to the same cuvette gradually and the evolution of emission spectra was observed.
